A B S T R A C T Glucose titration studies were performed in normal rats under control conditions and during expansion of the extracellular fluid volume. In association with expansion, the maximal rate of glucose transport (Tmglu,.,e) decreased while glomerular filtration rate (GFR) typically increased; thus there was a consistent increase in the GFR/Tmu,,4,,. ratio. In previous studies, marked reduction of the nephron population was associated with an alteration in the kinetics of glucose transport and GFR/Tmglu1Ow ratios were observed to increase. In both volume-expanded rats and in animals and human beings with uremia, the splay in the titration curve is increased. Finally in both volume-expanded animals and uremic animals fractional reabsorption of sodium is depressed. One interpretation of the present data is that the natriuretic "third factor" may influence a key ratelimiting step in glucose transport; and it is possible that this step is shared by or coupled to a ratelimiting step in sodium transport.
INTRODUCTION
The normal pattern of renal glucose excretion is altered markedly in patients with far advanced renal disease (1) . The change is characterized by the excretion of appreciable quantities of glucose into the urine at blood sugar levels below those required to saturate the tubular reabsorptive capacity for glucose. This same change can be reproduced in animals by experimentally reducing the Dr. Neal S. Bricker is a recipient of a U. S. Public Health Service Research Career Award.
Received for publication 5 July 1967 and in revised form 16 October 1967. nephron population; its occurrence is independent of underlying renal disease since it is seen whether or not pathologic abnormalities are present in the remaining renal parenchyma (2) . The mechanisms underlying the altered pattern of glucose excretion are not known; since the phenomenon occurs in uremic animals in which the residual nephrons are free of anatomic abnormalities and because the changes tend to be most marked in both man and animals with the greatest reduction in glomerular filtration rate (GFR), the possibility exists that adaptive changes in nephron function may induce modifications in glucose reabsorption. In this event, the alterations coukl have a kinetic explanation rather than one based either on a transport defect or on increased heterogeneity of the surviving nephrons.
One of the most pronounced changes in nephron function which occurs in chronic progressive renal disease is a decrease in fractional sodium reabsorption with an increase in sodium excretion rate per nephron. This natriuretic response in uremia has the same characteristics as the sodium diuresis observed in normal animals subjected to saline loading; it is not dependent upon an increase in GFR, nor does it require a decrease in mineralocorticoid activity. The natriuretic "third factor" which is thought to be primarily responsible for the natriuresis during saline loading has thus been invoked in explanation of the increased fractional excretion of sodium seen in uremia (3) .
Since there is a considerable body of evidence that suggests some form of coupling between sodium transport and glucose transport in several different systems including the kidney (4) (5) (6) (7) (8) (9) (10) , it is conceivable that the same factor that modifies proximal tubular reabsorption of sodium in uremia might initiate the changes in proximal tubular reabsorption of glucose. It so, saline loading in normal animals should alter the kinetics of glucose transport. This thesis has been examined experimentally in the present studies.
METHODS
Experiments were performed on normal unanesthetized female Sprague-Dawley rats of the Holtzman strain weighing between 240 and 280 g. Light ether anesthesia was maintained during the preparatory procedures. A 25 gauge needle attached to polyethylene tubing was secured in a tail vein for infusion of solutions. A PE 10 polyethylene catheter was inserted into one femoral artery to permit frequent sampling of arterial blood during the experiments. A PE 90 catheter was passed into the urinary bladder through the urethra and sutured in place. The anesthesia then was discontinued and the rat was placed in a bivalved plastic cylinder which contained a central hole through which the bladder catheter projected. The hind limbs projected through two lateral holes and the legs were taped to a horizontal bar placed below and at right angles to the cylinder.
A priming dose of carboxyl-"4C inulin was administered through the tail vein catheter and the sustaining dose of 4C inulin dissolved in 100 mm NaCl solution was infused at a rate of 50 dul/min with a Harvard constant speed infusion pump. Simultaneously, 5% glucose in water was administered by a second pump at a rate of 96 Al/min. Both solutions were delivered into individual polyethylene tubes which joined the tail vein catheter at a Y-connection. A period of at least 1 hr was allowed for the animals to recover completely from the anesthetic. Thereafter one of two protocols was employed.
Control experiments. Both the glucose and saline infusions were continued at the same rate for an additional 60 min. Thereafter, urine collections were initiated and from 14 to 20 clearance periods were obtained, each of 20 min duration. The NaCl-inulin solution was delivered at a rate of 50 1pI/min throughout the experiment.
However, after two clearance periods were completed, the concentration of glucose in the second infusate was increased progressively in a stepwise fashion from the initial 5% to a value (usually 30%) sufficient to maintain a concentration of glucose in the urine of 2 g/100 ml (measured with glucose oxidase paper). Four to five clearance periods were obtained with this degree of glucosuria. Blood sugar values generally reached values of over 500 mg/100 ml with this regimen.
Volume expansion experiments. Extracellular fluid (ECF) was expanded before beginning the first clearance period according to the following schedule. A solution containing Na, 150 mEq/liter; K, 4 mEq/liter; Cl. 129 mEq/liter; and bicarbonate, 25 mEq/liter was infused at 190 ,ul/min for 20 min, 380 dl/min for 20 min, and 760 Al/min for 20 min. After this 60-min period of expansion, the rate of infusion was reduced to 380 ,u/min and maintained at this level through the duration of the experiment. When the final delivery rate had been in effect for 20 min clearance periods were commenced. During the expansion periods and the first two clearance periods 5% glucose in water was infused at a rate of 63 ,ul/min. Subsequently, we increased the concentration of glucose progressively in the manner described for the control studies; in order to achieve comparable plasma glucose concentrations, we had to usually increase the concentration of infused glucose to 50%o. 15-20-urine collection periods, each of 15 min duration, were obtained in most experiments. The glucose and saline solutions mixed before entering the animal and the final concentration of sodium in the infusate after the expansion was completed was 130 mEq/liter. The calculated rates of delivery of sodium and water were 57.8 ,uEq/min and 440 ,Iu/min, respectively.
The glucose titration curves were constructed in the manner described by Smith et al. (11) . The filtered load of glucose was plotted on the ordinate against glucose reabsorption (Tgiucose) on the abscissa. Both terms were factored by the maximal rate of glucose transport (Tmngzcos.) when comparison between animals was undertaken. Tm was calculated by averaging all values for Tgiucose after glucose reabsorption became relatively stable. In most experiments this involved averaging values for at least the final four to five clearance periods. The splay in the individual titration curves was calculated by accurately cutting the area of graph paper between the theoretical line of no splay and the observed titration curve and weighing the paper on an analytical balance. The mean "smoothed" titration curves for control studies and studies in saline loaded animals were calculated according to the method described by Smith (11) . Additional details of the methods and procedures employed in this laboratory have been described in a previous paper (2) .
When possible, both control and volume expansion experiments were performed on the same animals. An interval of 2 wk was allowed between studies and the order of the experimental sequence was randomized.
RESULTS
A total of 29 studies was completed on 16 rats. Several additional animals did not tolerate the high infusion rates required by the volume expansion protocol; in these animals, urine flow and sodium excretion increased initially but then fell and progressive positive sodium and water balance ensued. When this occurred, the experiment was terminated and data were not collected. In two rats, only control studies were performed and in four only volume expansion experiments were completed. All six of these animals died before we could perform a second study. We subjected the remaining 10 rats to both control and expansion studies and performed, in two of these animals, studies during volume expansion on two or more occasions.
Detailed results are presented in Table I 1, in whiGh the titration curve for the control and volume expansion experiments from a representative rat are compared. During the control experiment, approximately 1%o of the filtered sodium was excreted before the advent of overt glycosuria.
During the volume expansion study, 12.5% of the filtered sodium was excreted. As the filtered load of glucose was increased Tglucose was lower during expansion. The maximum rate of glucose transport was markedly depressed during volume expansion with a Tmgluewe value of 9.6 mg/min compared with a value of 11.4 mg/min in the control experiment, yet GFR was 22%o higher in the volume expansion experiment. In consequence of these divergent changes in GFR and Tmglucme, the GFR/Tmg ratios averaged 0.26 in the control study and 0.37 in the expansion study. One other finding is implicit in Fig. 1 . At any given filtered load, glycosuria was greater during volume expansion than in the control study; this difference became more marked at higher filtered loads.
A summary of all experiments performed on the 10 animals which were successfully studied during both control and volume expansion experiments is presented in Table II . GFR averaged 2.49 ml/min during control and 2.85 ml/min during expansion, Fractional sodium excretion = the percentage of filtered sodium excreted.
volume expansion was 0.35. In the two animals in which only control studies were performed GFR/Tmg ratios were 0.29 and 0.28. In the four animals studied only during volume expansion GFR/Tmg ratios ranged from 0.33 to 0.39 with a mean of 0.35. In addition to the divergent changes in Tmg and GFR evoked by volume expansion, an increase in splay in the glucose titration curve also was observed. In each of the animals in which titration curves were available in both control and expansion studies, the splay was greater during expansion. The mean value for the control studies was 15.2 splay U while that for the expansion studies was 45.6 U. The increment for the group ranged from 10 to 70 U and averaged 29.6. Mean "smoothed" titration curves for the composite data obtained under the two sets of experimental conditions are presented in Fig. 2 . The splay in the curve representing the volume expansion experiments is clearly greater than the curve from the control studies. Table II Other explanations for the change in glucose transport during volume expansion must also be entertained. Intrarenal alterations of blood flow and a preferential increase in GFR per nephron in the cortical nephrons could lead to an increase in nephron heterogeneity and thus to an increase in splay in the titration curve. However, on a priori grounds, hyperfiltration in the predominant population of nephrons should not decrease Tmighleo,.xe; thus, in theory an increase in GFR per nephron at high plasma glucose levels should produce either no change in the rate of glucose reabsorption or if there is glomerulo-tubular balance for glucose, glucose reabsorption should increase. Hence an additional mechanism would still have to be invoked. A change in renal interstitial fluid volume in relation to tubular volunme might influence glucose transport in the same manner that has been suggested in the case of sodium (15) .' Still another possibility is that a decrease in fractional 3 Burgen (14) has discussed the application of MNfichaelis-Menton equations to standard glucose titration data and the reader is referred to his paper for his evidence suggesting that the K., for a carrier-substrate complex must he extremely lows. 4 Smith (11) observed a decrease in T in two normal subjects after saline loading. He suggested that this might relate to an increase in renal interstitial fluid and an increase in intrarenal pressure with reduction or cessation of filtration in some nephrons and compensatory hyperfiltration in others.
water reabsorption in the proximal tubule led to a decrease in tubular fluid concentration of glucose. This seems unlikely, however, for when the filtered load of glucose is about two times the Tmgiucose, as it was in several of the present animals, the concentration of glucose in the tubular fluid probably does not decrease by more than 25 to 50% en route down the proximal tubule. Thus half of the glucose molecules are reabsorbed and under the conditions of these experiments (fractional sodium excretion averaged 13.4%) at least one out of four water molecules should be reabsorbed proximally. Finally an explanation based on increase in velocity of tubular flow also is unlikely for mannitol diuresis, with a comparable excretion of filtered salt and water, does not reproduce the effects of volume expansion."
If there is a common step in the transport of glucose and sodium in the mammalian nephron and if a natriuretic hormone influences this step, then glucose transport might serve as a model for exploring some aspects of sodium reabsorption; glucose presents one major experimental advantage, it may be studied over a wide range of concentrations and its kinetics defined with some precision. In contrast to this, sodium concentrations can be varied only over a very limited range particularly in the upward direction.
